Excretion of Phenolic Compounds After Consumption of Fresh versus Aged Chokeberry Juice in Rats by Graves, Sarah Elizabeth
University of Arkansas, Fayetteville
ScholarWorks@UARK
Theses and Dissertations
8-2013
Excretion of Phenolic Compounds After
Consumption of Fresh versus Aged Chokeberry
Juice in Rats
Sarah Elizabeth Graves
University of Arkansas, Fayetteville
Follow this and additional works at: http://scholarworks.uark.edu/etd
Part of the Food Chemistry Commons, Food Microbiology Commons, and the Food Processing
Commons
This Thesis is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of ScholarWorks@UARK. For more information, please contact scholar@uark.edu, ccmiddle@uark.edu.
Recommended Citation
Graves, Sarah Elizabeth, "Excretion of Phenolic Compounds After Consumption of Fresh versus Aged Chokeberry Juice in Rats"
(2013). Theses and Dissertations. 863.
http://scholarworks.uark.edu/etd/863
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
EXCRETION OF PHENOLIC COMPOUNDS AFTER CONSUMPTION OF FRESH VERSUS AGED 
CHOKEBERRY JUICE IN RATS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 EXCRETION OF PHENOLIC COMPOUNDS AFTER CONSUMPTION OF FRESH VERSUS AGED 
CHOKEBERRY JUICE IN RATS 
 
 
 
A thesis submitted in partial fulfillment 
of the requirements for the degree of 
Master of Science in Food Science 
 
 
 
by 
 
 
 
Sarah Graves 
University of Arkansas 
Bachelor of Science in Biological Sciences, 2009 
 
 
 
August 2013 
University of Arkansas 
 
This thesis is approved for recommendation to the Graduate Council. 
 
 
 
____________________________ 
Dr. Latha Devareddy 
Thesis Director 
 
 
____________________________  _____________________________ 
Dr. Luke Howard     Dr. Ronald Prior 
Committee Member     Ex-Officio Member 
 
 
____________________________ 
Dr. Craig Coon 
Committee Member 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ABSTRACT 
 Flavonoids, such as anthocyanins, may be responsible for the health benefits of chokeberries, as 
they are present in large quantities in chokeberries and are potent antioxidant and anti-inflammatory 
agents. Despite these health properties, previous investigations on the bioavailability of flavonoids 
illustrate that little of the ingested amount reaches the bloodstream. This study investigated two factors 
that may help to explain these inconsistencies. First, storage of berry fruits and berry fruit products leads 
to extensive polymerization of their anthocyanins with procyanidins. Additionally, after consumption 
flavonoids may undergo metabolism into phenolic acids and subsequent conjugation to an extent that 
may explain their notable health properties despite their low absorption. Thus, the ultimate goal of this 
research was to determine the optimal storage conditions for retention of not only bioactive, but also 
bioavailable components in chokeberry juice that can provide cheaper alternatives to disease prevention. 
The effect of storage on the absorption and metabolism of flavonoids was investigated by identification 
and quantification of anthocyanins in the plasma and phenolic acids and their conjugates in the urine of 
rats after consumption of fresh (FCB) versus aged (ACB) chokeberry juice. Anthocyanins were not 
observed in the plasma of rats that received FCB nor ACB, reinforcing the limited bioavailability of 
anthocyanins. However, 3 phenolic acids, benzoylaminoacetic acid (BAA), benzoic acid (BA), and 3,4-
dihydroxybenzoic acid (34HBA), were identified and excreted in higher quantities from rats that received 
chokeberry juice than rats fed de-ionized water (CTRL), indicating consumption of chokeberry juice may 
lead to the absorption of these compounds. Furthermore, consumption of FCB leads to higher excretion 
of BAA, a metabolite of chlorogenic acid and quercetin, than consumption of ACB. Further research on 
the metabolism and health properties of phenolic acids is necessary to understand the role of polyphenol-
rich berries in chronic disease prevention. 
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Chapter 1–Introduction 
Chronic inflammatory diseases are among the most costly and pervasive public health dilemmas 
that challenge the U.S. population today.  Obesity, a condition that increases the risk of other health 
complications, such as diabetes and cardiovascular disease, has shown a considerable increase over the 
past few decades 
1,2
. Alongside obesity, the prevalence of diabetes is increasing at an alarming rate and 
now threatens nearly 26 million Americans according to the Centers for Disease Control and Prevention 
3
. 
Estimated healthcare costs for cardiovascular disease in 2010 were more than $315 billion 
4
. 
Nonetheless, some chronic inflammatory diseases such as the above may be preventable. Evident from a 
preponderance of sources, including epidemiological studies and clinical trials, consumption of fruits and 
vegetables is strongly correlated with decreased chronic inflammatory disease risk 
5-9
.  
 Regular consumption of chokeberry fruit is associated with protection against chronic 
inflammatory diseases, such as cardiovascular disease and diabetes, as it has shown to exert  
hepatoprotective, hypolipidemic, hypoglycemic, vasoprotective, and anti-inflammatory effects 
10-15
. 
Phytochemicals may be partially responsible for the decreased chronic disease risk associated with the 
health benefits of chokeberry, as seen by their ability to reduce oxidative stress and Inflammation. 
Oxidative stress and inflammation are chief chronic inflammatory disease risk factors that serve a vital 
role in its progression 
13-17
. Antioxidants present in chokeberry inhibit oxidative stress and inflammatory 
processes and therefore may impede the occurrence of chronic inflammatory diseases 
18
. 
Flavonoids, specifically quercetin glycosides, anthocyanins, and procyanidins, are 
phytochemicals found in large quantities in chokeberry fruits. They have presented a variety of biological 
properties in animal and cell culture studies in line with the reduced inflammatory disease risk imparted by 
chokeberry intake. Previous investigations on the bioavailability of these flavonoids illustrate that very 
little, is absorbed into the systemic circulation, with anthocyanin bioavailability reaching a mere 0.1% of 
the ingested amount 
19
. Though extensive research has been conducted examining the bioavailability and 
metabolism of anthocyanins, the conclusions are controversial and inconsistent. Some of the 
discrepancies may be due to the effects of storage on the anthocyanin source. Storage of berry fruits and 
berry fruit products leads to extensive polymerization of their anthocyanins with procyanidins 
20
. 
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Surprisingly, little research has been done to examine the metabolism of these high molecular weight 
polymers. To our knowledge, there are no reports on the absorption and excretion of polymeric 
chokeberry anthocyanins in vivo. Therefore, our first objective was to investigate how storage-induced 
polymerization affects the absorption of chokeberry anthocyanins in Sprague-Dawley rats using fresh 
versus aged chokeberry juices by measuring anthocyanins in the urine and plasma. Additionally, it is 
becoming evident that flavonoids are broken down into phenolic acids by the gut microflora, which may 
subsequently be conjugated to glucuronide, methylated, or sulfated forms to an extent that might explain 
their apparent health properties despite their low bioavailability. Thus, our second objective was to identify 
and quantify the urinary excretion of chokeberry phenolic acids and their conjugates in the urine of 
Sprague-Dawley rats after administration of fresh versus aged chokeberry juices. 
Chapter 2–Literature review 
2.1 Free radicals, oxidative stress, and antioxidants 
Free radicals can be both harmful and beneficial to living systems. They are generated in vivo as 
products of normal physiologic processes, such as respiratory burst, peroxisomal catabolism, and 
intracellular signaling and maintenance 
21-25
. Free radicals contain one or more unpaired electrons in their 
outer orbital shell, providing them with an appreciable degree of reactivity and instability 
26
. If there is an 
overproduction of free radicals, such as reactive oxygen species (ROS), and antioxidant status is 
deficient, a cascade of oxidative stress is imparted on the living system. For instance, when damage to a 
peroxisome occurs and its antioxidant enzymes are down-regulated, ROS leak out into the cytosol 
21
. 
Once in the cytosol, the unpaired electron or electrons of ROS render the ROS capable of attacking 
cellular lipids, proteins, and DNA, damaging the normal functioning of these target molecules.  
The obstruction caused by ROS has been implicated in aging and various diseases, including 
CVD and cancer. For instance, low density lipoprotein is largely susceptible to oxidative damage by free 
radicals, a process that can increase the risk of developing atherosclerosis 
27-28
. In addition, free radicals 
can damage DNA, leading to carcinogenesis 
29
. Antioxidants are capable of donating electrons to free 
radicals, thus neutralizing the free radical and preventing further damage 
30
. Accumulating evidence 
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indicates that higher intake of foods rich in antioxidants may decrease the risk of developing morbidities 
and mortalities associated with oxidative stress.  
2.2 Chokeberry  
2.2.1 History 
 For centuries, black chokeberry, or Aronia melanocarpa, has long been recognized for its 
medicinal qualities. Native Americans used the berry not only as a food source, but also as an herbal 
remedy for curing various health calamities 
31
. As the 19
th
 century approached, chokeberries were 
introduced to Europe and soon became prevalent in European jams, juices, and wines 
32
. In modern day, 
the berries are gaining increasing awareness in the scientific community for their high content of 
antioxidants and potential use in preventative medicine.  
2.2.2 Flavonoids and related compounds: health properties 
 It is the flavonoids in chokeberries that are thought to be responsible for health-promoting effects, 
as appreciable levels of flavonoids are present in chokeberries. This is why we chose to use chokeberry 
fruit in this study. With an ORAC value of 150 µmol TE/g and an anthocyanin concentration of 1489 
mg/100g FW, chokeberries contain higher antioxidant capacities and concentrations of anthocyanins than 
most other berries, such as blueberries and blackberries 
33-35
. Anthocyanins possess potent antioxidant 
and anti-inflammatory properties 
36-37
, and they serve to scavenge ROS, inhibit LDL oxidation, and modify 
inflammatory markers, such as PPAR-γ and NFB
36-42
. Dietary flavonols, such as quecertin, and flavan-3-
ols, such as procyanidins, though not as potent as anthocyanins, have shown to be efficient antioxidants 
and anti-inflammatories as well 
43-44
, and have exemplified these properties in a number of 
epidemiological studies 
9, 45
.  It is possible that the health effects of these flavonoids seen in clinical 
studies may actually be due to their metabolites. Their hydroxybenzoic and hydroxycinnamic acid 
metabolites have displayed antioxidant 
46-47
, anti-inflammatory 
48
, and anti-cancer 
49
 activity in animal 
studies and in vitro. In some cases, the health properties of phenolic acids may be more potent than the 
parent compound. This was the case in a study illustrating that phenolic acid metabolites were more 
effective at inhibiting platelet aggregation and cytotoxicity than the parent flavonoid glycosides 
50
. 
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However little attention has been placed on the health properties of the phenolic acid metabolites in 
comparison to parent flavonoids, and further investigation is needed.  
2.2.3  Flavonoids and related compounds: chemistry 
 The configuration of the flavonoid backbone permits a myriad of substitution patterns that 
culminate in numerous subgroups (Figure 2.1). Classes of flavonoids are categorized according to the 
extent of oxidation on their C ring 
51
. The flavonoids prevalent in chokeberries are anthocyanins, flavonols 
(e.g., quercetin), and flavan-3-ols (e.g., procyanidins).  
 
Figure 2. 1 Configuration of the backbone of (a) anthocyanins, (b) flavan-3-ols, and (c) flavonols 
 
2.2.3.1 Anthocyanins 
Anthocyanins occur as glycosides of their aglycone counterparts, anthocyanidins. These 
aglycones consist of two aromatic rings, A and B, connected by an oxygenated heterocyclic C ring. 
Various sugar moieties are attached at the 3 carbon of the anthocyanin C ring 
52-53
. Next to procyanidins, 
anthocyanins are the second most abundant polyphenol in chokeberry fruits 
32
, representing 25% of total 
5 
 
chokeberry phenolics 
32
. Cyanidin derivatives are the predominate forms of chokeberry anthocyanins 
52-53
 
(Figure 2.2). Of the cyanidin derivatives, the galactoside is the most common, constituting approximately 
67% of chokeberry anthocyanins 
32
. It is followed by the arabinoside of cyanidin, which accounts for 
approximately 29% of chokeberry anthocyanins. Other than cyanidin, residual quantities of pelargonidin 
have been noted in chokeberries 
35
. 
 
 
 
 
 
 
 
 
 
 
Anthocyanin R1 R2 
Cyanidin-3-galactoside OH galactose 
Cyanidin-3-arabinoside OH arabinose 
Cyanidin-3-glucoside OH glucose 
Cyanidin-3-xyloside OH xylose 
Pelargonidin-3-arabinoside H arabinose 
Figure 2. 2 Chemical structure of chokeberry anthocyanins 
 
2.2.3.2 Flavonols 
 Flavonols occur naturally as O-glycosides. The fluidity of this subclass is astounding, with more 
than 380 flavonol glycosides currently identified 
55
. Quercetin glycoside, the most common flavonol 
glycoside, accounts for a large percentage of chokeberry phenolics 
31
. Conjugation of this compound 
takes place most often at the 3 position of the C-ring 
56
.   
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2.2.3.3 Flavan-3-ols  
 Extending from the basic, monomeric catechin and its isomer epicatechin to the complex, highly 
polymerized procyanidins, the flavan-3-ols are an elaborate subgroup of flavonoids 
57
. Various types of 
monomeric and polymeric flavan-3-ols have been identified, but epicatechin and procyanidins are the 
types prevalent in chokeberries. Procyanidins arise via a condensation reaction of catechin and/or 
epicatechin. The procyanidins prevalent in chokeberries are comprised of (-) epicatechin as constitutive 
units 
32
. Upon consumption, the binding of chokeberry procyanidins to proline-rich salivary proteins and 
subsequent loss of lubrication renders chokeberry fruits with a notable astringent quality. This astringent 
quality serves to defend the chokeberry plant against pathogens 
58-59
. 
2.2.4  Effects of storage and processing on flavonoids 
 Although the antioxidant potential of juice compounds has been demonstrated in a number of 
animal studies, processing parameters, such as blanching and pressing, cause exceptional losses of 
flavonoid antioxidants in juices compared to other berry products 
60
. Blanching is required to inactivate 
oxidoreductases, such as polyphenol oxidase, which cause degradation of anthocyanins. Though some 
loss occurs during blanching, it has shown to be an effective measure for improving the retention of 
anthocyanins in most berries 
61
. By blanching frozen berries immediately, Brownmiller et al. 
62
, obtained 
superior anthocyanin recovery in comparison to previous studies. When frozen berries are allowed to 
thaw before blanching, it is thought that activation of polyphenol oxidase occurs, resulting in exctensive 
anthocyanin degradation 
62
. Phenolic compounds in chokeberries occur primarily in the skins of the 
berries 
63
. Pressing involves removal of the skins of berries, the part of the berry where phenolic 
compounds are most abundant. This process can result in losses ranging from 15 
62
–55%
64
, depending 
on whether the berries have  or have not been blanched, respectively. 
 It is essential to discern the effect of processing on chokeberry fruits in order to determine the 
optimal processing conditions for favorable retention of bioactive flavonoids. Although research has 
focused on the considerable degradation of berry flavonoids during juice processing, the apparent losses 
of flavonoids during juice storage can often be more menacing than warranted by processing. During 
long-term storage anthocyanins are largely susceptible to condensation reactions with procyanidins to 
7 
 
form high molecular weight polymers referred to as polymeric pigments 
65
. Because chokeberries are 
commonly available to consumers in the form of juices and wines that can sit on market shelves for 
extended periods of time, understanding the effects of juice storage on flavonoid retention and 
metabolism is crucial for the advancement of berry juices as functional foods. 
2.3 Flavonoids and related compounds: absorption and metabolism 
2.3.2 Flavonols 
For over 25 years, debate ensued over whether the quercetin glycoside was conjugated to a 
sugar 
66
 or a functional group 
67-69 
once in circulation. Interestingly, in the earlier part of the 20
th
 century, 
studies strongly suggested that quercetin is metabolized into phenolic acids that reach the bloodstream 
70-
72
. Only recently has research returned its focus to the metabolism of quercetin into phenolic acids, which 
was proposed in earlier studies. 
 In 2003, Olthof and others demonstrated that quercetin-3-rutinoside was converted into 
hydroxyphenylacetic acids in healthy volunteers with a colon 
73
. Because ileostomized volunteers 
excreted only trace quantities of the phenolic acid metabolites, their research implied that the metabolism 
of quercetin-3-rutinoside into hydroxyphenylavetic acids occurs in the colon 
73
. Mullen and others 
performed a more recent study that effectively portrays the metabolic breakdown of quercetin glycoside in 
the gastrointestinal tract. They used radiolabelled quercetin and examined its recovery in the digestive 
tract organs, plasma, and urine of rats over 72h; this allowed the researchers to provide a detailed 
illustration of the metabolic pathways of quercetin once it has been ingested (Figure 2.3). Nearly all of the 
[2-
14
C]quercetin-4’-glucoside was converted into phenolic acid metabolites, such as 3-
hydroxyphenylacetic acid and hippuric acid, as it passed through the gastrointestinal tract 
74
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Figure 2. 3 Diagram of the metabolism of [2-14C] quercetin-4'-glucoside in rats after consumption, 
transport throughout the gastrointestinal tract, and in the fecal and urinary excretion. The percentage of 
radioactivity displayed by quercetin-4’-glucoside and metabolites in the individual compartments of the GI 
tract and/or feces and urine are represented by figures within the boxes. Percentages outside the boxes 
represent the percentage of ingested radioactivity.
74
  
2.3.3  Flavanols 
 Little is known about the metabolic fate of procyanidins. The bioavailability of procyanidins is quite 
low, with urinary excretion of less than 0.5% of the oral dose 
75
. In contrast, the urinary excretion of their 
monomeric counterparts, epicatechin and catechin, often ranges from 20–55% 
75-76
.  Despite previous 
belief that procyanidins were decomposed into their monomeric units under gastric conditions 
77
, a more 
recent study demonstrated that ingested procyanidins are remarkably stable during gastric transit 
78
.  
However, it is becoming more and more evident that procyanidins are metabolized to a great extent by 
the intestinal microflora once they reach the intestines. Deprez and others were the first to show that high 
molecular weight procyanidins are degraded into phenolic acids once they reach the colon 
79
. Procyanidin 
degradation produced phenylacetic, phenylpropionic, and phenylvaleric acids 
79
.
  
In a study performed by 
Gontheir and others 
80 
 the metabolism in rats of procyanidin dimer B3, trimer C2, and polymer isolated 
from willow tree catkins was compared to that of catechin monomer. Total urinary yields of the microbial 
9 
 
metabolites, phenylvaleric, phenylproprionic, phenylacetic, and benzoic acid derivatives, significantly 
decreased from catechin monomer (10.6  1.1%) to the procyanidin dimer (6.5  0.2%), trimer (0.7  
0.1%), and polymer (0.5  0.1%). This study demonstrated the impact that polymerization has on the 
metabolic fate of flavan-3-ols after ingestion 
80
.   
2.3.1 Anthocyanins  
In order to perform their biological activities on the cells and tissues beyond the gastrointestinal 
system, anthocyanins must be absorbed into the systemic circulation. Though extensive research has 
been conducted on the pharmacokinetics of anthocyanins, the conclusions are often discordant or 
inconsistent. Studies that have investigated the bioavailability of anthocyanins indicate that anthocyanins 
are poorly absorbed, commonly yielding plasma concentrations less than 0.1% of the amount consumed 
orally 
80
. Most studies have determined that anthocyanins reach the systemic circulation rapidly as intact 
glycosides 
80-84
, which is unique to anthocyanins, because most glycosylated phenolics do not reach the 
systemic circulation in their glycosylated form 
67
. Oral supplementation of a mixture of 320 mg of cyanidin-
3-glucoside and 40 mg of cyanidin-3,5-diglucoside/kg body weight in rats showed that peak plasma 
concentrations of the intact anthocyanins were reached within 15 minutes following ingestion 
86
. A 
supporting study performed by Ichiyanagi and colleagues showed that after oral administration of 100 mg 
cyanidin-3-O-β-glucupyranoside/kg body mass in rats, plasma concentration of intact cyanidin-3-O-β-
glucopyranoside reached peak level of 0.18 µM after 15 minutes 
87
 Though anthocyanins appear to be 
absorbed intact, they may be metabolized in vivo to other forms, such as methylated and glucuronidated 
conjugates and phenolic acids 
87-88
 which have also been observed in the plasma and urine 
89
. The 
bioavailability of anthocyanins is influenced by multiple factors, including physiologic transport 
mechanisms 
90-91
, the food matrix used for administration of the anthocyanins 
92
, chemical structure and 
properties 
93-94
, microbial metabolism in the intestine 
95
, phase II biotransformation reactions 
96
, 
anthocyanin-procyanidin polymerization during storage 
97
, and treatment duration 
98
.  
2.3.1.1 Transport mechanisms 
 Little is known regarding the cellular transport of anthocyanins, though several mechanisms, 
ranging from active transport to passive diffusion, have been proposed. However, due to the hydrophilicity 
10 
 
of anthocyanin glycosides, it is more likely that a carrier-mediated mechanism rather than passive 
diffusion exists for their transport across the cellular membrane 
99
. Bilitranslocase is an organic anion 
membrane carrier found in the epithelial cells of the liver and gastric mucosa 
90,100
. It has been postulated 
that bilitranslocase plays a role in anthocyanin absorption, because it has a high affinity for anthocyanins 
and is competitively inhibited by them 
90
. Moreover, the possible involvement of bilitranslocase in 
anthocyanin transport is supported by the finding that some anthocyanin absorption occurs in vivo in the 
stomach, where bilitranslocase is located 
90,101
. 
 Cellular transport may occur by interaction of the anthocyanin sugar moiety with a sugar transport 
system, such as the intestinal sodium-dependent glucose co-transporter (SGLT1), to actively transport 
the glycoside into the cell 
102
. An in vivo rodent study concluded that intestinal absorption of anthocyanins 
is higher in the jejunum than any other compartment of the intestine 
103
. These results indicate 
anthocyanin absorption is specific to one intestinal region, which supports the involvement of an active 
transport mechanism native to the intestine, such as SGLT1 
102
. 
 Though carrier systems may be necessary for the absorption of anthocyanins, some could 
actually retard anthocyanin absorption. For example, the breast cancer resistance protein (BCRP) is an 
ATP-binding cassette (ABC) efflux transporter localized in the apical epithelium of the small intestine and 
colon 
104-106
. The strategic location of BCRP mediates the export of its substrates back into the intestinal 
lumen, hindering substrate absorption 
106
. Anthocyanins and their aglycone counterparts have proven to 
display substrate-type affinity for BCRP 
99
. The high affinity of these compounds for an intestinal efflux 
transporter, such as BCRP, may partly explain their limited bioavailability 
107
.  
2.3.1.2 Food matrix 
Discrepancies in the results of many anthocyanin bioavailability studies may be partially 
accounted for by variations in the matrix of the food source 
92,108
. Anthocyanins vary according to both the 
foods in which they are found and their interactions with various components of the food matrix 
92,109
. As 
yet, little research has been conducted comparing the effects of the food matrix on anthocyanin 
bioavailability, although the food matrix is believed to have an effect. Compounds located within the fruit 
other than anthocyanins can positively or negatively affect anthocyanin absorption. For instance, 
11 
 
quercetin, an abundant polyphenol in chokeberry fruits 
54
, has shown to competitively inhibit anthocyanin 
absorption in vitro 
54,102
. In contrast, ascorbic acid, also abundant in chokeberries 
111
, enhances the 
stability of anthocyanins 
112
. Catechin, another secondary plant metabolite, is found in many of the same 
food sources as anthocyanins. One study investigated the effects of anthocyanins on linoleic acid 
peroxidation in micelles in the presence and absence of (+)-catechin.  Analysis of the antioxidant activity 
revealed that the anthocyanins, malvidin-3-glucoside and peonidin-3-glucoside, were regenerated in the 
presence of (+)-catechin
112
. It  proposed that catechin recycles the malvidin 3-glucoside and peonidin 3-
glucoside radicals generated by peroxy radicals ROO via transfer of H attached at the O atom of 
catechin to the anthocyanin. The mechanism for the recycling of malvidin 3-glucoside is shown in Figure 
2.4 
112
. 
 
Figure 2.4 Regeneration of malvidin-3-glucoside by catechin. Abbreviations: MH, malvidin-3-glucoside; 
CH, catechin; M
o
, malvidin free radical; C
o
, catechin free radical 
112
. 
2.3.1.3 Chemical properties and structure 
Previous research has shown effects of both acylation and glycosylation on anthocyanin 
bioavailability 
114-115
. However, these studies were performed using whole foods, making it difficult to 
discern whether the differences were due to acylation or to differential associations of acylated 
anthocyanins and non-acylated anthocyanins with the plant matrix 
109,115
. To resolve this, Charron et. al 
performed a study using purple carrot juice in which the anthocyanins were removed from the plant matrix 
and insoluble fiber. The study demonstrated that the lower relative bioavailability of acylated anthocyanins 
to non-acylated anthocyanins was indeed due to differences in chemical structure and not to the varying 
associations of the anthocyanins with the plant matrix 
109
.  
Another way the bioavailability of anthocyanins can be affected by their chemical properties 
occurs through their susceptibility to structural modification.  Microbial populations and pH levels vary 
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throughout the alimentary canal, and may cause structural changes of the orally ingested anthocyanin 
compound 
116
. The pH of the stomach is acidic, ranging from 1 to 2. The flavylium cation, which is the 
anthocyanin isoform with the highest stability, predominates at this pH 
117
. Previous in vitro studies 
mimicking the conditions of the stomach during digestion have shown a slight increase in the quantities of 
total anthocyanins under gastric conditions, which may be explained by the high stability of the flavylium 
cation 
94, 118-119
. The pH levels of the small and large intestine range from neutral to alkaline, a state that 
gives rise to less stable forms of the anthocyanin, which are subject to nucleophillic attack by water 
104,120
. 
The aforementioned in vitro studies 
94,118-119
 reported significant losses of anthocyanin content and 
stability under conditions of the small intestine during pancreatic digestion, ranging from a 30-80% loss of 
the ingested dose. The losses were most likely caused by the mild alkaline conditions of the pancreatic 
digestion models rather than interactions with digestive enzymes 
94
.   
In contrast to the losses reported from in vitro studies, a significant proportion of the administered 
anthocyanins from both gastric and intestinal contents were recovered in an in vivo study performed by 
He and others, revealing that anthocyanins may be stable within the lumen of the upper intestine of 
rodents under fasting conditions 
120
. However the anthocyanins neither reached the systemic circulation 
to a great extent, nor were they cumulatively retained in the GI tract 
120
. An absorptive model of the 
intestinal epithelium was developed using a monolayer of human intestinal epithelial Caco-2 cells 
mounted in Ussing type chambers to determine the luminal to serosal transport of anthocyanins. 
Anthocyanins disappeared from the luminal side of the epithelium, but were not detected in the serosal 
solution 
107
. Together these two studies demonstrate that ingested anthocyanins are transported across 
the apical membrane of intestinal epithelial cells to a great extent, but further transport across the 
basolateral membrane may not occur and should be examined further 
107, 120
. Conversely, anthocyanin 
instability and/or degradation due to enzymatic action at neutral physiological pH within the intestinal 
epithelial cells may have been a limiting factor 
107, 120
. 
2.3.1.4 Intestinal metabolism 
Deglycosylation of anthocyanins by β-glucosidase, located on the brush border of enterocytes or 
active in microflora, may contribute to losses in the small intestine 
121
. In fact, He and others found that 
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hydrolysis of cyanidin-3-glucoside (~28% initial cyanidin-3-glucoside) in the small intestinal contents 
corresponded to a decrease in the cyanidin-3-glucoside urine profile in an in vivo rodent study 
120
. It was 
suspected that the hydrolysis was due to lactase-phlorizin hydrolase, a β-glucosidase located in 
enterocytes. The idea that deglycosylation is responsible for losses in absorption has been confirmed by 
Tsuda and colleages, who treated rats orally with cyanidin-3-glucoside, and detected cyanidin in the 
jejunum, but not the plasma. Protocatechuic acid, a phenolic degradation product of cyanidin, was 
detected in the plasma at an 8-fold higher concentration than that of the intact glycoside, cyanidin-3-
glucoside 
122-123
. These results illustrate that cyanidin-3-glucoside is hydrolyzed to cyanidin in the small 
intestine, cyanidin is further degraded into protocatechuic acid due to the high instability of anthocyanidins 
at neutral pH, and protocatechuic acid is subsequently absorbed into the circulation. These studies 
confirm that structural changes of the anthocyanins occur in vivo, which lead to altered chemical 
properties, and in turn, varying concentrations throughout the gastrointestinal tract 
120, 122-123
.  
Anthocyanins may reach the large intestine by alternate routes, either traveling directly to the 
large intestine, bypassing gastric and small intestinal absorption, or indirectly via the enterohepatic 
circulation 
124
. Their rapid degradation into phenolic acids by microflora located within the large intestine 
may explain the poor urinary recovery (ca. 0.2 – 1.2% of the ingested amount) of anthocyanins 
125
. 
Matsumoto et al. reported the combined urinary and biliary excretion of delphinidin-3-rutinoside and its 
methylated metabolite in rats to be just 2.67% + 1.24% (w/w) of the consumed dose. The low excretion of 
the anthocyanin was caused by degradation of the anthocyanin into unidentified compounds 
126
.  
2.3.1.5 Phase II biotransformation 
Phase II biotransformation, or conjugation, reactions are physiological mechanisms intended to 
deactivate reactive xenobiotics and prevent their absorption
126
. Evidence from animal studies shows that 
the phase II biotransformation reactions, methylation, glucuronidation, and sulfation, are present during 
anthocyanin metabolism 
87-88, 128
. Various conjugation enzymes found within the intestinal mucosa, 
including intestinal COMT, may be responsible for trace amounts of anthocyanin methylation in the 
intestine 
123
. More notably, methylation of anthocyanins occurs to a great extent in the rat liver. However 
little or no methylated anthocyanin is usually detected in rat plasma 
122-123
. Hence, it is thought that 
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anthocyanins are methylated in the liver by hepatic catechol O-methyl transferase, COMT, and 
subsequently excreted into the bile 
86, 129
.  Another explanation is that anthocyanins methylated in the liver 
could return to the colon via the enterohepatic  circulation to be further metabolized into methylated 
phenolic acids, which have been reported in the plasma 
78
. Phase II biotransformation reactions occur 
supplementary to the microbial degradation of the intestine and further modify the structure of the initial 
flavonoid compound to an extent that could affect its observed health properties 
78,113
. However, literature 
on the biotransformation reactions of anthocyanins that occur after oral consumption is sparse, and the 
metabolic pathways of anthocyanins appear to vary depending on chemical properties, further 
complicating the issue 
88, 114, 128, 131
. Emphasizing the importance of measuring compounds other than the 
initial anthocyanin consumed, Prior and colleagues recently identified and quantified the urinary excretion 
of phenolic acids in rats fed varying doses of cranberry powder 
96
. They found the amount of 4-
hydroxyphenylacetic acid (4HPAA), a phenolic acid that was excreted in highest quantities, declined as 
the amount of cranberry in the diet increased, but the conjugated form of 4HPAA increased with 
increasing dose, an indication that microbial metabolites of anthocyanin compounds can undergo phase II 
biotransformation reactions. The conjugation of anthocyanin metabolites was further supported by a cell 
culture study using Caco-2 cells, which found that the anthocyanin degradation products, protocatechuic 
acid and phloroglucinaldehyde, were subjected to glucuronidation and sulfation 
130
.  
2.3.1.6 Anthocyanin-procyanidin polymerization  
 As mentioned previously, it is now understood that anthocyanins undergo extensive 
polymerization with procyanidins during storage to form high molecular weight compounds 
132
. In spite of 
this knowledge, investigation of the health effects, bioavailability, and metabolism of these polymers has 
hardly commenced. Recently, an in vitro study investigated the absorption of anthocyanins from açaí fruit, 
and discovered that although monomeric anthocyanins were transported from the apical to basolateral 
side of a Caco-2 intestinal cell monolayer, polymeric anthocyanins were not. In addition, polymeric 
anthocyanins appeared to interfere with the transport of monomeric anthocyanins across the monolayer. 
These findings may provide insight into the mechanisms involved in the absorption of monomeric 
anthocyanins in vivo, though further research is essential 
133
. 
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Chapter 3–Absorption and excretion of phenolic compounds from consumption of fresh versus 
aged chokeberry juice in rats 
 
3.1 Abstract  
Flavonoids, such as anthocyanins, may be responsible for the health benefits of chokeberries, as they are 
present in large quantities in chokeberries and are potent antioxidant and anti-inflammatory agents. After 
ingestion, flavonoids undergo microbial metabolism into phenolic acids and subsequent conjugation to an 
extent that may explain their notable health effects despite their low absorption. Furthermore, 
anthocyanins and procyanidins are known to undergo polymerization during storage, and little research 
has examined the effects of polymerization on their absorption and metabolism. Therefore, the aim of this 
study was to identify and quantify anthocyanins from the plasma and phenolic acids excreted in the urine 
of Sprague-Dawley rats fed fresh non-pasteurized (FCB) or aged pasteurized (ACB) chokeberry juice to 
compare the effects of storage-induced polymerization on the absorption and metabolism of chokeberry 
flavonoids. Seventy-two, 8-week old, male, Sprague-Dawley rats were randomly assigned to receive one 
of the following treatments by gavage once daily for 7 days: water (CTRL), n=8; FCB, n=32; and ACB, 
n=32. Anthocyanins in plasma samples collected at 0.5, 1, 2, and 4-h post-gavage were analyzed using 
HPLC. Free and total urinary phenolic acids were analyzed using HPLC/ESI-MS. Anthocyanins were not 
detected in any of the plasma samples. However, benzoylamino acetic acid (BAA), 3,4-dihydroxybenzoic 
acid (34HBA), and benzoic acid (BA) were detected in the urine and excreted in higher quantities from 
rats that received FCB or ACB than rats fed de-ionized water (CTRL). Furthermore, consumption of FCB 
led to higher urinary excretion of BAA than consumption of ACB. A more detailed exploration of the 
metabolic pathways and biological properties of phenolic acids is necessary to determine the berry 
components responsible for the health benefits of berry juices.  
3.2 Introduction 
 For centuries, black chokeberry, or Aronia melanocarpa, has been recognized for its medicinal 
qualities. Native Americans used the berry not only as a food source, but also as an herbal remedy for 
curing various health calamities 
134
. As the 19
th
 century approached, chokeberries were introduced to 
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Europe and soon became prevalent in European jams, juices, and wines 
22
. In modern day, the berries 
have gained an increased awareness in the scientific community for their high content of antioxidants and 
potential use in preventative medicine. Regular consumption of chokeberry is associated with protection 
against chronic inflammatory diseases, such as cardiovascular disease and diabetes, as it has shown 
hepatoprotective, hypolipidemic, hypoglycemic, vasoprotective, and anti-inflammatory effect 
10-15
. 
Flavonoids, such as anthocyanins and procyanidins, are phytochemicals found in large quantities in 
chokeberry fruits. They have presented a variety of biological properties in numerous animal and cell 
culture studies, and a limited number of epidemiological studies 
135
 in line with the reduced inflammatory 
disease risk imparted by chokeberry intake. Surprisingly, previous investigations on the bioavailability of 
flavonoids illustrate that very little actually reaches the systemic circulation. In fact, the absorption of 
flavonoid can be as low as 0.1%, as is the case with anthocyanins 
19
. During long-term storage, or aging, 
anthocyanins are largely susceptible to condensation reactions with procyanidins to form high molecular 
weight polymers referred to as polymeric pigments 
20
. Surprisingly, little research has examined the 
absorption and excretion of polymeric pigments. To our knowledge, there are no reports on the 
absorption and excretion of polymeric pigments from chokeberry in vivo. Therefore, our first objective was 
to investigate how storage-induced polymerization affects the absorption of chokeberry anthocyanins in 
Sprague-Dawley rats using fresh versus aged chokeberry juices by measuring anthocyanins in the urine 
and plasma. Additionally, after ingestion, flavonoids may undergo microbial catabolism and subsequent 
conjugation to an extent that may explain their notable health properties despite their low absorption. 
Thus, our second objective was to identify and quantify the excretion of chokeberry phenolic acids and 
their conjugates in the urine of Sprague-Dawley rats after administration of FCB versus ACB. 
3.3 Materials and methods 
3.3.1 Juice preparation  
 Chokeberries were obtained from Mae’s Health and Wellness, LLC (Omaha, NE) and prepared 
according to a previous method with slight modifications 
20
. A schematic diagram of the procedure used 
for preparing the chokeberry juices is depicted in Figure 3.1. Frozen chokeberries were simultaneously 
heated and mixed with a Mixo Batch mixer (Avon, N.U., U.S.A.) in a large steam-heated kettle until the 
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chokeberry mash reached a temperature of 95C. It was held at 95C for 3 min and allowed to cool to 
40C. The mash was depectinized by adding 0.0827 mL/kg of Pectinex Smash XXL
®
 (Novozyme, 
Bagsvaerd, Denmark) and then incubated for 1 h at 40C. Negative alcohol precipitation test was used as 
an indication of complete depectinzation. Following enzymatic treatment, the mash was pressed in a 25-L 
Enrossi bladder press (Enoagricol Rossi s.r.l., Calzolaro, Italy) and the juice was isolated from the 
presscake. The juice was heated in a steam box (American Sterilizer Co., Erie, Pa, U.S.A.) until the juice 
temperature reached 90ºC. Half of the fresh non-pasteurized juice (FCB) was immediately placed in 
storage at -80ºC. The other half was placed into a 1 L glass bottle, capped, and stored at 40ºC for 2 mo. 
The aged juice (ACB) was allowed to cool, transferred to a 1-L plastic bottle, and placed at -80ºC. 
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Figure 3. 1 Procedure for preparation of fresh chokeberry juice (FCB) and aged chokeberry juice (ACB). 
 Before administration, the juices were thawed and transferred to individual 50 mL centrifuge 
tubes containing the volume of juice required for each day of animal treatment. Then the tubes were 
placed at -80ºC until needed. The juices were aliquoted in this manner to minimize repeated freeze-thaw 
cycles during the 7-day administration period. 
3.3.2 Analysis of juice phenolics 
 The anthocyanin, quercetin glycoside, and chlorogenic acid contents of FCB and ACB were 
analyzed by HPLC according to a method described previously 136. Determination of procyanidins was 
carried out using the HPLC method of Brownmiller et al. 97. Chokeberry juices were analyzed for free 
phenolic acids according to the HPLC method described by Prior et al. 
137
. 
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3.3.3 Experimental design 
This project was conducted using 72 eight-week old male Sprague-Dawley rats weighing 
approximately 250 grams each. Rats were randomly assigned one of the following groups: water control 
(CTRL), n=8; FCB, n=32; ACB, n=32. On day 5, the rats were transferred to metabolic cages and 24-hour 
urine samples were collected from CTRL (n=8) and randomly selected rats from FCB (n=8) and ACB 
(n=8) into containers pretreated with 800 L of 0.44 mol/L TFA. Collected urine samples were treated as 
described previously for a final concentration of 20% 0.44 mol/L TFA and stored at -80°C until sample 
preparation and analysis 
128
. On day 7, the volume administered to the animals by gavage (10 mL/kg BW) 
was based on the weight of the rats the morning of treatment. Rats from CTRL (n=8) were sacrificed at 
0.5 h after gavage, and rats from FCB (n=32) and ACB (n=32) were sacrificed at 0.5, 1, 2, or 4 hours 
post-gavage, with 8 animals from each treatment being sacrificed at each time point. Sacrifice was 
performed by CO2 inhalation and subsequent cardiac puncture. Blood samples were collected from the 
heart into heparinized syringes. EDTA blood samples were centrifuged at 4,000 x g for 15 min at 4°C. A 
2.0-mL aliquot of plasma was immediately acidified with an aqueous solution of 400L of 0.44 mol/L TFA 
and stored at -80°C until sample preparation and analysis 
138
. A summary of the experimental design for 
plasma collection is displayed in Figure 3.2. University of Arkansas Institutional Animal Care and Use 
Committee guidelines for treatment and care of animals were followed throughout the duration of the 
study. 
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Figure 3. 2 Experimental design for plasma collection. Abbreviations: CTRL, control; FCB, fresh 
chokeberry juice, ACB, aged chokeberry juice. 
3.3.4 Diet  
AIN-93M purified rodent diet (Dyets, Inc, Bethlehem, PA) formulated in accordance to the 
American Institute of Nutrition committee report, and de-ionized water were provided ad libitum to all 
animals throughout the study.  
3.3.5 Sample preparation and analysis 
3.3.5.1 Plasma anthocyanins 
Preparation of plasma samples for anthocyanin analysis was performed according to a 
combination of methods described previously as follows 
131,139
. Peonidin-3,5-diglucoside (mg/mL) was 
added as an internal standard to 2.0 mL of plasma containing 400 µL of 0.44 mol/L TFA. Immediately 
after, two mL of 10% TFA/mL sample was added and the samples were placed at -20°C for 15 min to 
allow for precipitation of plasma proteins. Then the samples were centrifuged for 15 min at 4°C and 4,100 
x g, and the protein pellet was washed twice using 2.0 mL 10% TFA
131
. Anthocyanins were isolated using 
Sep-Pak C18 500mg solid phase extraction cartridges. The cartridge was equilibrated with 10 mL of 100% 
methanol, followed by 10 mL 5% formic acid aqueous solution. The three supernatants were combined 
and loaded onto the column. The sample was washed with 10 mL of 5% formic acid aqueous solution to 
remove interfering compounds, and then anthocyanins were eluted with 5% formic acid in methanol 
139
. 
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Solvent evaporation was performed using nitrogen gas to bring the volume to less than 200 µL, and 
sample volumes were re-adjusted to 200 µL in 0.5 mL volumetric centrifuge tubes using formic 
acid/water/methanol (5/47.5/47.5). For removal of precipitates, the samples were centrifuged for 20 min at 
4°C and 14,000 g. Seventy µL of plasma were injected into an HPLC system for anthocyanin analysis 
according to a previous method by Cho and others 
136
. The detection wavelength used was 520 nm.  
3.3.5.2 Urinary phenolic acids 
The urine samples from CTRL (n=8) and randomly selected urine samples from ACB (n=8) and 
FCB (n=8) were acquired for phenolic acid analysis.  Free and total phenolic acids from the urine samples 
were extracted according to a previous method by Prior and coworkers 
137
, with the exception that volume 
of urine samples was recorded for calculation of g of phenolic acids per 24h instead of g of phenolic 
acids per milligram of creatinine. After extraction, the samples were held at - 80°C until shipment on dry 
ice to Brunswick Laboratories (Southborough, MA) for HPLC-ESI-MS analysis according to Prior et al with 
some modification 
137
. A MAC-MOD column was used in place of a Phenomenex Synergi Max-RP column 
(150 x 300 mm, 4 µm). 
3.3.6 Statistical analysis 
The data analysis involved estimation of means and SEM using SAS. Analysis of variance 
(ANOVA) with Tukey’s post hoc test was performed to determine statistically significant (P < 0.05) 
differences among treatments.  
3.4 Results  
3.4.1 Juice phenolic composition 
The HPLC-PDA analysis of the chokeberry juice led to the identification and quantification of 
anthocyanins, procyanidins, quercetin glycosides, and chlorogenic acid (Table 3.1).  FCB contained 
176.7 mg of total monomeric anthocyanins/100 mL and ACB contained 1.5 mg of total monomeric 
anthocyanins/100 mL. The volume of juice administered to each rat was equivalent to a 250 g rat 
receiving 2.5 mL juice. Each animal receiving FCB ingested 17.7 mg/kg BW total monomeric 
anthocyanins, and each animal receiving ACB ingested 0.2 mg/kg BW total monomeric anthocyanins 
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(Table 3.1). The considerable decline in total monomeric anthocyanin concentration of ACB during 
storage was paralleled by an increase in polymeric color (20% polymeric color in FCB to 68% polymeric 
color in ACB).  
 Cyanidin-3-galactoside was the major anthocyanin in both juices accounting for 77% of total 
monomeric anthocyanins in FCB, and constituting all of the monomeric anthocyanins in ACB. Cyanidin-3-
arabinoside was the 2
nd
 highest in FCB, accounting for 20% of total monomeric anthocyanins. Cyanidin-3-
glucoside accounted for less than 4% and pelargonidin-3-arabinoside accounted for less than 1% of 
anthocyanins detected in FCB; neither cyanidin-3-glucoside nor pelargonidin-3-arabinoside were detected 
in ACB. Although total procyanidin content of FCB and ACB was the same, the degree of polymerization 
of procyanidins differed significantly (p<0.05). FCB contained higher amounts of monomeric and dimeric 
procyanidins, whereas ACB contained higher amounts of large molecular weight heptameric 
procyanidins. Quercetin glycosides and chlorogenic acid were present at significantly higher (p<0.05) 
concentrations in FCB (57 mg of quercetin/100 mL and 50.0 mg of chlorogenic acid/ 100 mL) than in ACB 
(44 mg of quercetin/100 mL and 41.0 mg of chlorogenic acid/ 100 mL). The phenolic acids, 
benzoylaminoacetic acid (BAA), 3,4-dihydroxybenzoic acid (34HBA), and benzoic acid (BA), were not 
detected in FCB or ACB. 
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Table 3.1 Summary of the juice content (mg/100mL) of fresh chokeberry juice (FCB) and aged chokeberry juice (ACB) and the dose 
(mg/kg BW) of FCB and ACB administered to rats. 
  Juice Content Dose 
Compound  FCB ACB FCB ACB 
 Total monomeric anthocyanins 176.6
A 
1.5
B 17.7
A 
0.2
B 
cyanidin-3-galactoside 135.3
A
 1.5
B 13.5
A 
0.2
B 
cyanidin-3-glucoside 6.3
A
 ND
A 0.63
A 
ND
A 
cyanidin-3-arabinoside 35.0
A 
ND
A 3.5
A 
ND
A 
pelargonidin-3-arabinoside 1.4
A 
ND
A 0.14
A 
ND
A 
      
 Total procyanidins 532.8
A 
573.5
A 57.4
A 
53.3
A 
monomers  60.0
A 
12.2
B 6.0
A 
1.2
B 
dimers 101.5
A
 54.2
B 10.2
A 
5.4
B 
trimers 69.6
A 
35.1
B 7.0
A 
3.5
B 
tetramers 83.4
A 
46.1
B 8.3
A 
4.6
B 
Pentamers 68.8
A 
27.5
A 6.9
A 
2.8
A 
hexamers 129.9
A 
37.1
B
 13.0
A 
3.7
B 
heptamers 60.7
B 
320.6
A 6.1
B 
32.1
B 
 
     
      
quercetin glycosides 57
A 
44
B - - 
chlorogenic acid 50.0
A 
41.0
B - - 
Means represent three observations per juice. Values within rows without a common superscript differ (p<0.05). 
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3.4.2 Plasma anthocyanins 
 Anthocyanins other than peonidin-3,5-diglucoside, the internal standard used for sample 
preparation of anthocyanins, did not exist at detectable concentrations at 520 nm in any of the plasma 
samples. The internal standard allowed 98% recovery.  
3.4.3 Urine phenolic Acids 
 Concentrations of total, free, and conjugated phenolic acids excreted in the urine are presented in 
Tables 3.2, 3.3, and 3.4, respectively. BAA and BA were excreted in highest quantities by all animals, 
with urinary excretion of BAA and BA from the two treatment groups being significantly higher (p<0.05) 
than the CTRL (Table 3.2). Total quantities of BAA and BA excreted ranged from 990-1540 g/24 h in 
rats fed FCB or ACB (Table 3.2). Urinary excretion of 3,4-hydroxybenzoic acid (34HBA) occurred to a 
lesser extent, ranging from 10-11 g/24 h in rats that received chokeberry juice (Table 3.2).  
Consumption of FCB or ACB resulted in significantly higher (p<0.05) excretion of all forms of BAA 
than CTRL (Tables 3.2, 3.3, and 3.4). Furthermore, rats fed FCB excreted significantly higher (p<0.05) 
quantities of total and conjugated BAA than rats fed ACB (Tables 3.2 and 3.4). 
 Although there were no significant differences in excretion of 34HBA between rats fed FCB and 
rats fed ACB, the rats that received ACB excreted higher (p<0.05) quantities than those fed CTRL of total 
and free 34HBA (Tables 3.2 and 3.3). There were no significant differences in the quantities excreted of 
conjugated 34HBA between CTRL, FCB, or ACB (Table 3.4). However, the percentage of conjugation of 
34HBA was higher in the CTRL group than the two treatment groups (Table 3.5).  
Total and conjugated urinary excretion of BA was the same between treatments, but significantly 
higher (p<0.05) than CTRL (Table 3.2). Although the intake of FCB or ACB led to higher (p<0.05) urinary 
excretion of conjugated BA than CTRL (Table 3.4), the percentage of conjugation was high (88-98%) 
across the 3 groups (Table 3.5). Urinary excretion of free BA did not differ significantly between CTRL, 
FCB, or ACB (Table 3.3).  
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Table 3.2 Concentrations (g) of total phenolic acids excreted in urine over 24h (Means  SEM) of rats fed water (CTRL), fresh 
chokeberry juice (FCB), and aged chokeberry juice (ACB)
a
. 
Total (free + conjugated) phenolic acid  Common Name CTRL FCB ACB 
benzoylaminoacetic acid (BAA) hippuric acid 96
C
 255
 
1535
A
 255
 
990
B
 255 
3,4-dihydroxybenzoic acid (34HBA) protocatechuic acid 4.63
B
 4.68
‡
 10.25
AB
 4.68*
 
11.41
A
 4.68*  
benzoic acid (BA) benzoic acid 428
B
 372
†
 1164
A
 372
 
1249
A
 372 
a
CTRL, control; ACB, aged chokeberry; FCB, fresh chokeberry. Means represent eight observations per group except where 
indicated (
†
= five observations; 
‡
= six observations; *=seven observations). Means within rows without a common superscript differ 
(p<0.05). 
Table 3.3 Concentrations (g) of free phenolic acids excreted in urine over 24h (Means  SD) of Rats fed water 
(CTRL), fresh chokeberry juice (FCB), and aged chokeberry juice (ACB)
a
. 
Conjugated phenolic acid CTRL FCB ACB 
benzoylaminoacetic acid (BAA) 51
B
23 451
A
219 361
A
154 
3,4-dihydroxybenzoic acid (34HBA) 0.35
B
 0.86
‡
 3.05
AB
1.57* 4.08
A
0.93* 
benzoic acid (BA) 7.04
A
10.22
†
 124
A
32 147
A
71 
a
CTRL, control; ACB, aged chokeberry; FCB, fresh chokeberry. Means represent eight observations per group except 
where indicated (
†
= five observations; 
‡
= six observations; *=seven observations). Means within rows without a 
common superscript differ (p<0.05). 
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Table 3.5 Estimated percent conjugation (%) of phenolic acids excreted in urine.
 
  CTRL FCB ACB 
benzoylaminoacetic acid (BAA) 47 71 63 
3,4-dihydroxybenzoic acid (34HBA) 92 70 64 
benzoic acid (BA) 98 89 88 
  
 
 
Table 3.4 Concentrations (g) of conjugated phenolic acids excreted in urine over 24h (Means  SD) of rats fed 
water (CTRL), fresh chokeberry juice (FCB), and aged chokeberry juice (ACB)
a 
Conjugated phenolic acid CTRL FCB ACB 
benzoylaminoacetic acid (BAA) 45
C
45.6 1084
A
843 628
B
288 
3,4-dihydroxybenzoic acid (34HBA) 4.28
A
7.05
‡
  7.20
A
1.12* 7.32
A
2.19*  
benzoic acid (BA) 421
B
345
†
 1040
A
239 1102
A
400 
a
CTRL, control; ACB, aged chokeberry; FCB, fresh chokeberry. Means represent eight observations per group 
except where indicated (
†
= five observations; 
‡
= six observations; *=seven observations). Means within rows without 
a common superscript differ (p<0.05). 
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3.5 Discussion 
3.5.1 Detection of anthocyanins 
 This study was designed to investigate the absorption of anthocyanins and phenolic acids after 
administration of FCB or ACB juices to rodents. Preliminary steps were necessary for analysis of the 
phenolic content of the juices, which revealed higher quantities of monomeric anthocyanins in FCB, and 
higher percent polymeric color in ACB. The losses of monomeric anthocyanins that accompanied an 
increase in polymeric color in ACB indicate that storage resulted in condensation of anthocyanins with 
procyanidins; these results are supported by previous studies 
62,140
.  
 Although anthocyanins were not detected at all in the plasma samples, validation of the method 
used for extraction of the plasma anthocyanins allowed 98% recovery of the internal standard, indicating 
that degradation did not occur to a great extent during extraction. However, this does not eliminate the 
possibility of anthocyanin degradation at collection time, during storage at -80C, or during thawing. 
According to a study by Felgines and coworkers, it was noted that many anthocyanin HPLC 
chromatogram peaks disappeared or declined considerably from samples that were frozen before SPE 
141
. This may explain, at least in part, the lack of detection of plasma anthocyanins in this study, as the 
samples in this study were frozen at -80C for 9 mo. before analysis and no internal standard was added 
for measurement of sample loss during storage or thawing.  
 Most likely, the lack of detection was due to the lower doses of monomeric anthocyanins used in 
comparison to previous rodent anthocyanin bioavailability studies. Such studies often detect limited 
quantities of anthocyanins in the plasma by using more or concentrated formulas. Although it would have 
been ideal for detection of anthocyanins in the plasma, we administered a lower dose of monomeric 
anthocyanins (17.7 mg/kg BW of FCB or 0.2 mg/kg BW of ACB). This is because the amount of juice 
gavaged to the rodents was only 10 mL/kg BW and the juices would have needed to be concentrated in 
order to deliver a higher dose. However, concentration of the juices would have risked the occurrence of 
polymerization reactions and/or degradation of polyphenols. Furthermore, alteration of the juices would 
not have been indicative of what is readily available to consumers. 
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3.5.2 Phenolic acids 
 When ingested, chokeberry products exert biological effects known to benefit health, but the true 
nature of the active compounds is yet to be deciphered. Colonic metabolism results in the breakdown of 
berry flavonoids to phenolic acids that can be conjugated and/or absorbed into the systemic circulation 
where they may exert physiological effects similar to those of the parent compounds 
137
.  
 In the current study, BAA excretion was higher when rats were fed FCB than when rats were fed 
ACB. High urinary excretion of BAA has been reported in rats fed a diet supplemented with chlorogenic 
acid 
142
 and in rats administered radiolabelled quercetin 
143
, both of which were more abundant in FCB 
than in ACB in the present work. BAA formation occurs by aromatization of quinic acid, a product of 
chlorogenic acid breakdown, into BA by the gut microflora; in the liver and kidney, BA is further 
metabolized by conjugation with glycine into BAA 
142, 144-145
. Because the chokeberry juices contained 
high amounts of chlorogenic acid, the high urinary excretion of both BAA and BA in rats fed chokeberry 
juice is supported by this mechanism. Nearly all BA excreted from rats fed CTRL, FCB, or ACB was 
conjugated to glucuronic acid and/or sulfate, indicating that BA is highly susceptible to phase II 
biotransformation.  
 Recent studies indicate 34HBA is a breakdown product of cyanidin 
122
. In this study, urinary 
excretion of 34HBA was the same between FCB and ACB, possibly indicating that the cyanidin in the 
form of polymeric pigments (higher in ACB) is broken down to the same extent as it is when it is in its 
monomeric form, which was higher in FCB. However, when rats were fed ACB, urinary excretion of 
34HBA was higher (p<0.05) than when rats were fed CTRL.  At present, no explanation can be offered 
suggesting why administration of ACB, but not FCB, led to significantly higher (p<0.05) excretion of 
34HBA than administration of CTRL.  
3.6 Conclusions  
 In summary, anthocyanins were not detected in the plasma of rats that received FCB nor ACB, 
reinforcing the limited bioavailability of anthocyanins. However, all phenolic acids identified (BAA, 34HBA, 
and BA) were excreted in higher quantities from rats fed ACB than rats fed CTRL, and two of those 
identified were higher in rats fed FCB than rats fed CTRL, indicating that chokeberry juice, aged or fresh, 
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is an excellent source for these compounds. Furthermore, BAA was excreted in higher amounts in rats 
fed FCB than rats fed ACB, demonstrating that transformations occur during storage that alter the 
phenolic constituents of the juices in such a manner that BAA, a metabolite of the initial juice 
compound(s), is less bioavailable. Further research on the metabolism of flavonoids and the health 
properties of phenolic acids, such as BAA, BA, and 34HBA, is necessary for advancement of the use of 
functional foods in prevention of chronic inflammatory diseases.  
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Appendix 
Sarah Graves <sevarges@gmail.com>  
   
  
I am a graduate student at the University of Arkansas, Fayetteville, Arkansas, U.S.A. During my studies at 
the univeristy, I researched the metabolism of flavonoids. There is a figure shown in your publication 
(listed below) that effectively portrays the metabolism of quercetin glycoside in the GI tract. I would like to 
use this figure in my thesis and am writing to request your approval.  
 
It is a requirement by the U of A Graduate School that I include written documentation of your approval in 
the appendix of my thesis. I appreciate your feedback and will await your response. Please let me know if 
you have any questions or concerns. Thank you for your time. 
 
Mullen, W., Rouanet, J.M., Auger, C., Teissédre, P.L., Caldwell, S.T., Hartley, R.C., Lean, M.E., Edwards, 
C.A., Crozier, A. Bioavailability of [2-14C] quercetin-4-glucoside in rats. Journal of Agricultural and Food 
Chemistry 56, 12127-12137 (2008). 
 
Best, 
 
Sarah Graves 
Department of Food Science 
University of Arkansas 
Ph: 870-623-3217 
email: sevarges@gmail.com 
Reply 
 
Forward 
  
 
Alan Crozier <Alan.Crozier@glasgow.ac.uk>  
  
 
 
Dear Sarah, 
 
No problem, please feel free to use the figure. I am in Spain at the moment but when I get back to 
Glasgow next week I can send you a pdf of the figure if it helps. 
 
Best wishes 
 
Alan 
 
Professor Alan Crozier 
North Lab 
Joseph Black Building 
School of Medicine 
University of Glasgow 
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Sarah Graves <sevarges@gmail.com>  
 
 
Dear Dr. Kaack, 
 
I am a graduate student at the University of Arkansas, Fayetteville, Arkansas, U.S.A. During my studies at 
the univeristy, I researched the metabolism of flavonoids. There is a figure shown in your publication 
(listed below) that illustrates a possible mechanism for the regeneration of malvidin-3-glucoside by 
catechin. I would like to use this figure in my thesis and am writing to request your approval.  
It is a requirement by the U of A Graduate School that I include written documentation of your approval in 
the appendix of my thesis. I appreciate your feedback and will await your response. Please let me know if 
you have any questions or if there is any way I can be of assistance. I have copied my advisor, Dr. Latha 
Devareddy. 
 
Kaack, K. & Austed, T. Interaction of vitamin C and flavonoids in elderberry (Sambucus nigra L.) during 
juice processing. Plant Foods for Human Nutrition (Formerly Qualitas Plantarum) 52, 187-198 (1998). 
 
 
Best, 
 
Sarah Graves 
Department of Food Science 
University of Arkansas 
Ph: 870-623-3217 
email: sevarges@gmail.com 
Reply Reply to all Forward 
  
 
Karl Kaack <Karl.Kaack@kalnet.dk>  
  
 
 
Dear Sarah Graves 
 
You are welcome to the figure mentioned in your emal. 
 
Best wishes, 
Karl 
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